Complement activation resulting in significant increases of C4a split product may be a marker of postexertional malaise in individuals with chronic fatigue syndrome (CFS). This study focused on identification of the transcriptional control that may contribute to the increased C4a in CFS subjects after exercise. We used quantitative reverse-transcription polymerase chain reaction to evaluate differential expression of genes in the classical and lectin pathways in peripheral blood mononuclear cells (PBMCs). Calibrated expression values were normalized to the internal reference gene peptidylpropyl isomerase B (PPIB), the external reference gene ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL), or the geometric mean (GM) of the genes ribosomal protein, large, P0 (RPLP0) and phosphoglycerate kinase 1 (PGK1). All nine genes tested, except mannose-binding lectin 2 (MBL2), were expressed in PBMCs. At 1 hour postexercise, C4, mannan-binding lectin serine protease 2 (MASP2) and ficolin 1 (FCN1) transcripts were detected at higher levels (≥2-fold) in at least 50% (4 of 8) of CFS subjects and were detected in 88% (7 of 8) CFS subjects when subjects with overexpression of either C4 or MASP2 were combined. Only an increase in the MASP2 transcript was statistically significant (PPIB, P = 0.001; GM, P = 0.047; rbcL, P = 0.045). This result may be due to the significant but transient downregulation of MASP2 in control subjects (PPIB, P = 0.023; rbcL, P = 0.027). By 6 hours postexercise, MASP2 expression was similar in both groups. In conclusion, lectin pathway responded to exercise differentially in CFS than in control subjects. MASP2 downregulation may act as an antiinflammatory acute-phase response in healthy subjects, whereas its elevated level may account for increased C4a and inflammation-mediated postexertional malaise in CFS subjects.
INTRODUCTION
Chronic fatigue syndrome (CFS) is a medically-unexplained illness identified by self-reported symptoms and exclusionary conditions. Identification of diagnostic markers for CFS remains challenging. Discovery of biomarkers may have been impeded by the fact that the unique biologic changes responsible for production of the original illness may no longer be present in most prevalent cases of CFS identified by various clinical case definitions (1, 2) . A consistently observed casedefining symptom in CFS subjects, however, is the exacerbation of symptoms following exercise (postexertional malaise), as opposed to the relief from symptoms following exercise in patients with other fatigue-associated conditions such as depression, rheumatoid arthritis, systemic lupus erthymatosus, and multiple sclerosis (3) (4) (5) (6) . In addition, postexertional malaise was one of the key symptoms in the Centers for Disease Control (CDC) symptom inventory list that differentiated subjects with CFS from those without the syndrome (7) . In a principle component analysis to delineate heterogeneity in medically-unexplained fatiguing illness, postexertional malaise was the highest loading factor among a data set of 38 independent clinical and laboratory measurements (8) . Thus, available evidence indicates postexertional malaise to be a unique and a major case-defining symptom, necessitating focused studies on its clinical and molecular characterization. Identification of specific biologic changes associated with postexertional malaise offers a promising approach for the discovery of biomarkers of CFS.
In patients with sickness behavior, clinical evaluation to identify infectious or inflammatory diseases indicated complement activation in subjects with CFS. Therefore we previously used an exercise paradigm to determine alterations in complement split products and found that exercise induced a significant increase of C4a, a putative anaphylatoxin, at 6 hours after exercise only in CFS subjects (9) . Mean symptom scores and mean scores for reduced activity and mental fatigue categories of the Multidimensional Fatigue Inventory were also significantly increased in these CFS subjects following exercise. Two complement split products universally accepted as anaphylatoxins, C3a and C5a, were not elevated in the CFS subjects. A microarray study that included probes for 3800 genes and used total RNA from peripheral blood mononuclear cells (PBMCs) of these subjects also identified differences in complement activation between CFS and control subjects following exercise (10) . Together, these results demonstrate that complement activation may be a marker of CFS-associated postexertional malaise, and that exercise-induced complement activation, particularly that which leads to the increased level of C4a split product, may be regulated at the transcriptional level.
C4a is generated from the cleavage of the native complement protein C4 via the classical and lectin pathways. In the classical pathway, C4 is cleaved by C1s activated by C1q, whereas in the lectin pathway, C4 is cleaved by mannan-binding lectin serine protease 2 (MASP2), activated by mannose-binding lectins (MBL) or ficolins (FCN). Some proinflammatory cytokines are known to modulate the synthesis of the above proteins both at the mRNA and protein levels. C1q mRNA and proteins are reported to be stimulated by interferon-γ (IFN-γ), IFN-α, IFN-β, and interleukin-6 (IL-6) (11-13). The secretion of the serine protease C1s can be enhanced by either IFN-α or IFN-γ (14) . C4 expression both at the protein and mRNA levels can be regulated by IFN-γ, IFN-α, and IL-6 (15) (16) (17) (18) (19) . On another level, increased C4 may be available for cleavage if C1-inhibitor (SERPING1), which removes the active enzymes C1s and MASP-2 from the respective complexes they form with C1q and FCN, becomes transcriptionally repressed. Increased levels of C4a can thus be hypothesized to result from any one or more transcriptional changes associated with increased amounts of the initiating proteins of the classical and/or lectin pathway, increased amounts of proinflammatory cytokines that may stimulate the production of the initiating proteins of the complement pathway, or repression in the inhibitory regulation of the classical or lectin pathways. On the basis of the above hypothesis, we examined changes in the expression of several genes in the complement pathway by real-time reverse-transcription polymerase chain reaction (real-time RT-PCR) as the first step in testing the molecular basis of altered complement metabolism following exercise.
MATERIALS AND METHODS

Subjects and Blood Collection
The Centers for Disease Control Institutional Review Board, as required by the Department of Health and Human Services regulations, approved the study. This study used a subset of subjects (eight CFS patients and seven controls) from a previous case-control study that identified a significant increase of C4a split product at 6 h postexercise in CFS subjects (9) . All subjects were recruited from the National Jewish Medical and Research Center (NJMRC), Denver, CO, USA. CFS subjects (mean age 37.5 ± 6.61 years; 87.5% females) were volunteers from the outpatient consultation clinic of NJMRC, whereas control subjects (mean age 28.3 ± 3.80 years; 43% females) were derived from the diagnostic complement laboratory of NJMRC. Except for one Asian subject in the control group, all study subjects were white. Although age and sex of the CFS and control subjects were matched in the previous C4a split product study (9) , this matching was not retained in the present study. Furthermore, no attempt was made to stratify the data on the basis of age and sex because of the small sample size and a previous report of no difference in the activation of complement pathways associated with age or sex in healthy individuals (20) . All subjects performed 20 min of a submaximal steady-state exercise on a stationary bicycle ergometer. Blood was collected from all subjects by venipuncture into tubes containing heparin immediately before exercise (T0), 1 h postexercise (T1), and 6 h postexercise (T2). PBMCs were separated from blood by use of Ficoll gradient and stored as pellets at -70°C until used for RNA extraction.
RNA Isolation and Quantification
Total RNA was isolated from PBMCs using RNAqueous kit (Ambion, Austin, TX, USA) according to the manufacturer's recommendations, and stored at -70 ºC until use. RNA quality and quantity were determined by using the RNA 6000 Nano assay with the Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). RNA quality was also assessed by denaturing agarose gel electrophoresis. All RNA samples were of good quality in terms of intactness of ribosomal RNA bands as determined by both the Bioanalyzer and agarose gel electrophoresis.
LightCycler-Based Real-Time RT-PCR
LightCycler-based real-time RT-PCR with SYBR Green I dye detection and melting-curve analysis for product specificity were used to determine the transcript levels.
cDNA synthesis. A 20-μL RT reaction was set up corresponding to each sample by using 0.5 μg of total RNA spiked with 1 pg (300 copies/cell) of plant mRNA, ribulose-1,5-bisphosphate carboxylase/ oxygenase large subunit (rbcL) (Stratagene, LaJolla, CA, USA) to determine the efficiency of RT-PCR reactions in general, and as an external reference gene for normalization of gene expression. A singletube reaction method was used to treat total RNA with DNase I to remove traces of contaminating DNA (21) . Total RNA containing plant mRNA spike was digested with 4 units of DNase I (MessageClean Kit, GenHunter, Nashville, TN, USA) in 12.8 μL reaction that contained 1.8 μL 5× first-strand RT buffer (Clontech, Palo Alto, CA, USA). DNase I digestion was performed for 30 min at 37°C, and terminated at 72°C for 2 min followed by incubating on ice immediately. We removed 1 μL of DNase I-treated RNA, diluted 1:10 with water, and set it aside as a no-RT control template for PCR to determine the effectiveness of DNase I treatment. The remainder of the DNase Itreated RNA was supplied with 300 ng of random hexamers (Invitrogen, Carlsbad, CA, USA) and incubated at 72°C for 10 min and then placed on ice. The reaction was finally brought up to 20 μL with 2.2 μL of 5× first-strand buffer (Clontech), 2 μL of 100 mmol/L DTT, 2 μL of 10 mmol/L dNTP (Invitrogen), and 2 μL of PowerScript RT enzyme (Clontech). Each RT reaction was incubated at 42°C for 60 min and then terminated at 72°C for 15 min. To avoid degradation of RT product from repeated freezing and thawing, working stocks (1:5 dilutions of original RT product) were prepared in water, and stored at -20°C until used.
Determining LightCyler PCR conditions and setting up reactions. The optimal annealing and signal-acquisition temperatures for all gene-specific primers (Table 1) and product specificity were determined as described earlier (22) with a calibrator cDNA synthesized as above by using Universal Human Reference RNA (Stratagene) mixed with total RNA from PBMCs of healthy volunteers. These optimal conditions enabled the signal acquisition to be set 1ºC-2ºC below the melting temperatures of the specific product, minimizing signal interference from nonspecific products. PCR efficiency of each primer set was determined by using the optimal conditions and two-fold serial dilutions (range 0.25-16 ng/PCR) of calibrator cDNA (Table 1) .
The LightCycler 2.0 Software version 4.0 (Roche, Indianapolis, IN, USA) was used to set up the reactions. First, 2 μL of DNA Master SYBR Green I mixture (containing Taq DNA polymerase, dNTP, MgCl 2 , and SYBR Green I dye; Roche) was incubated with 0.16 μL of TaqStart Antibody (Clontech) for 5 min at room temperature prior to the addition of primers and cDNA. Each final 20 μL reaction contained 2 μL of 1:2.5 dilution of cDNA working stock, 0.4 μmol/L of each primer, and 4 μmol/L MgCl 2 . The thermal cycling conditions were as described previously (22), but incorporated the optimized annealing and signal-acquisition temperatures for each gene-specific primer (Table 1) . Effectiveness of DNase I treatment was tested for all cDNA synthesis with primers for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and no-RT control template.
Experimental design and statistical analysis. Determination of the fold differences in gene expression involved running 4 separate experiments: experiment 1 to generate standard curves for the target genes (run as absolute quantification) by use of calibrator cDNA, experiment 2 to generate standard curves for reference genes (run in absolute quantification) by use of calibrator cDNA, experiment 3 for target gene amplification in unknown samples along with calibrator cDNA (run in relative quantification, monocolor mode), experiment 4 for reference gene amplification in unknown samples along with calibrator cDNA (run in relative quantification, monocolor mode). Data from all four runs were imported to the relative quantification application (monocolor) of the LightCycler software version 4 to determine efficiency-corrected crossing point (Cp) and normalized ratio as represented by the formula below:
Normalized ratio = (Target gene concentration/reference gene concentration in unknown sample)/ (Target gene concentration/reference gene concentration in calibrator).
To minimize LightCycler run-to-run variation, we derived a normalized ratio to a calibrator sample (Universal Human Reference RNA, Stratagene) as recommended to assure uniformity from multiple runs and intra-or interlaboratory comparisons (23) . Fold-differences in gene expression between cases and controls were determined from their normalized ratios, as described above. We calculated fold differences with respect to normalized ratios derived from individual endogenous reference (peptidylpropyl isomerase B [PPIB]) or external reference (rbcL) genes or with the geometric mean (GM) of the normalized ratios of the reference genes ribosomal protein, large, P0 (RPLP0) and phosphoglycerate kinase 1 (PGK1) determined by using the g-Norm software. The rationales for these different normalization approaches, using PPIB (24), external spike (25, 26) , or GM (27) for real-time RT-PCR have been published elsewhere.
For the purpose of this study, we defined a gene as over-or underexpressed if 50% or more of CFS subjects showed a ≥two-fold change in expression compared with the median of the control group as determined by at least 2 of the 3 normalization methods. Furthermore, normalized ratios were log 10 transformed prior to statistical analyses in StatView (Acton, MA, USA) to test significant differences (P values < 0.05) between CFS and control groups (by using an unpaired t test) or between different time points within each group (by using a paired t test).
RESULTS
Reproducibility and Normalization of Real-Time RT-PCR
Use of optimized annealing and signal-acquisition temperatures for each gene-specific primer pair resulted in high PCR efficiency ranging from 1.95 to 2.00 (Table 1) . No product-specific melting curve was observed with GAPDH primers and the no-RT control template, indicating completeness of DNase I digestion. We tested 14 gene-specific primers (9 target genes and 5 reference genes) with cDNA corresponding to 45 samples (44 unknown samples and 1 calibrator cDNA) in duplicate for a total of 1260 reactions (excluding water controls, and loss of 1 cDNA sample corresponding to 6-h postexercise from a CFS subject). Four runs of LightCycler reactions (24 reactions/run) were needed to complete one gene-specific assay with all Table 1 . Gene-specific primer sequences, LightCycler run conditions, and PCR efficiencies. 
Exercise-Responsive Complement Genes in CFS Subjects
MBL2 transcripts were undetectable by the LightCycler, thus this gene was excluded from further analysis. Of the remaining eight genes analyzed, only MASP2 and IFN-γ were overexpressed at the baseline (T0) according to results of two normalization methods (MASP2 by PPIB and rbcL, and IFN-γ by PPIB and GM), and with the use of fold-change in expression only three genes (C4, MASP2, and FCN1) were exercise responsive in CFS subjects at T1 by all normalization methods (Table 3) . In all three normalization methods, C4 showed the highest percentage of CFS subjects (63%-75%; 5-6 of 8 subjects) with overexpression compared with MASP2 or FCN1 (50%-63%; 4-5 of 8 subjects). Furthermore, 88% (7 of 8) of CFS subjects showed ≥two-fold overexpression of either C4 or MASP2 at T1 by at least 2 of the 3 normalization methods.
On further analysis, only differential expression in MASP2 was statistically significant between CFS and control groups at T1 for all three normalization methods (PPIB, P = 0.001; GM, P = 0.047; rbcL, P = 0.045) (Figure 1A-C) . Differential expression of C4 at T1 was significant (P = 0.032) only with the data normalized by the PPIB (Figure 1D ). These analysis results indicate ( Figure 1A-D) that MASP2 and C4 in control healthy subjects were downregulated for at least 1 h postexercise, followed by increases in their transcript levels to the baseline by 6 h postexercise. This downregulation at T1 compared with T0 was significant only with MASP2 transcript levels normalized by PPIB (P = 0.023) and rbcL methods (P = 0.027), with borderline significance by GM normalization (P = 0.056). MASP2 transcript level at T2 did not differ between CFS and control subjects or compared with T0 and T1 levels in both CFS and control subjects, except that the increase from T1 and T2 in control subjects was significant when transcript levels were normalized by the rbCL method (P = 0.0143).
DISCUSSION
This study reports the first systematic evaluation of complement gene expression in PBMCs. Of nine complement genes tested, transcripts for all genes except MBL2 were detected in PBMCs, indicating that complement gene activ- Table 3 . Over-or underexpression of complement genes as defined by ≥50% of CFS subjects who showed ≥two-fold expression changes in response to an exercise challenge compared with the median of the control group. Gene  T0  T1  T2  T0  T1  T2  T0  T1  T2   C1QA  - ity is not restricted to specialized cells such as hepatocytes. Lack of MBL2 expression in PBMCs agrees with previous reports, but MBL2 can be induced in vitro in adherent monocyte and monocyte-derived dendritic cells (28) . Although expression for some genes (C1Q, C4, and FCN1) was detected in PBMCs as in earlier reports (29-31), MASP2 expression was not detected previously in PBMCs (28) . Initiation of the classical pathway is antibodydependent, but the lectin pathway is antibody-independent and begins with the recognition and binding of sugars or N-acetyl groups on pathogenic cells (pathogen-associated molecular patterns) by MBL or FCN. Based on the pattern of transcripts detected, genes belonging to both classical (C1QA, C1S) and lectin (ficolins and MASP2) pathways are expressed in PBMCs, with the lectin pathway activated by local synthesis of FCN rather than MBL2. The major focus of this study was to determine if gene expression differences in the complement system would correlate with the previous observation of increased C4a split product in CFS subjects 6 hours postexercise. Initial analysis identified transcripts of C4, MASP2, and FCN1 at higher levels (≥two-fold) in at least 50% (4 of 8) of CFS subjects at 1 hour postexercise, and the percentage of CFS subjects responding to complement gene expression increased to 88% (7 of 8) when subjects with overexpression of either C4 or MASP2 were combined. Further analysis by t tests identified significant differences in the levels of MASP2 mRNA between CFS and control subjects at 1 hour postexercise. This difference in MASP2 mRNA appears to be due to a significant but transient downregulation in control subjects. By 6 hours postexercise, MASP2 expression was almost similar in both groups. In spite of the small sample size used in this study, this significant change in MASP2 expression at 1 hour postexercise was identified independently of the method used for normalization, indicating that the observed role of the MASP2-mediated lectin pathway in response to exercise is likely to be reproducible. It may be noted, however, that the reference genes (RPLPO and PGK1) used in the GM normalization method may be targets to some extent, as indicated by the apparent inversion of MASP2 expression in CFS compared with control subjects.
The current data do not directly address the activation of complement system during or following exercise. Whatever the trigger, the observed results may involve activation of monocytes, because they may be a common source of C4, MASP2, and FCN. Binding of FCN in conjunction with MASP2 to C4 initiates cleavage of C4, leading to the release of C4a (along with other components of the classical pathway). Both FCN1 (M-ficolin) and FCN2 (L-ficolin), located in chromosome 9q34 and separated by 22 kb, were detected in PBMCs, with FCN1 expressed at higher level in PBMCs than FCN2 and also differentially expressed between CFS and control subjects. Although FCN1 has been (until recently) solely associated with monocytes, neutrophils, and spleen cells and hypothesized to be a secretory protein (32) , it has recently been found in serum in low concentrations (33) . If released by monocytes, FCN1 could bind to a variety of its ligands, acetylated sugars, or proteins, which are abundant during or following exercise (34, 35) .
Previous reports of serum or plasma levels of complement activation products suggest that C activation takes place immediately with exhaustive exercise (36) , but more slowly in the subjects in this study undergoing submaximal exercise (9) . The trend of downregulation of expression with return to baseline levels in control subjects that precedes by several hours the activated proteins is in keeping with built-in regulatory processes inherent in the complement system. By contrast, expression of several complement genes remained at higher levels in CFS subjects before and after exercise, indicating a lack of acute-phase transcriptional response by these genes, which may lead to localized and uncontrollable inflammation-mediated tissue damage (37) . The lectin pathway may also be activated by translocation of microbial products from the gut, a process that is postulated to occur during exercise (38) or other events such as infection, injury, or vaccine and trigger local inflammation and a variety of autoimmune diseases (39) . Either situation may lead to increased C4a in CFS subjects compared with controls, and this C4a may have a regulatory role in inflammation by inhibiting monocyte chemotaxis (40) or through functions similar to C3a "activator and inhibitor" sequences as proposed by Erdei et al. (2004) (41) . An antiinflammatory role would coincide with the downregulation of MASP2 expression in control subjects that occurred 1 hour postexercise.
Mechanisms regulating the expression of MASP2 are currently unknown, except for a report on a weak stimulatory effect by IL-1B that is abolished by IL-6 (42), and a putative role for the transcription factor Stat 3 in MASP2 expression (43) . Our bioinformatics analysis of MASP2 promoter by MatInpsector revealed several transcription-factor binding sites, including two potential glucocorticoid-responsive elements (GRE) located within nucleotide positions -154 to -136 and between positions -989 to -971 (positions numbered with respect to transcription start site). A central role for the hypothalamic-pituitary-adrenal (HPA) axis in modulating postexertional malaise in CFS subjects in the context of hypocortisolism has been discussed in the literature (44-46) without mechanistic explanations. Steroid treatment studies report a reduction or a general downregulation of complement activation by glucocorticoids (47) (48) (49) . A hypothesis based on the presence of GRE in MASP2 promoter and the antiinflammatory response of glucocorticoids in general is that in control subjects exercise induces cortisol secretion that inhibits MASP2 transcription through GRE, whereas at least in a subgroup of CFS subjects, exercise-induced cortisol secretion is below a threshold (hypocortisolism) required to inhibit MASP2 expression. Although cortisol was not measured in this study, other studies have reported significant increases in cortisol and its correlation with postexercise performance in healthy subjects (50) (51) (52) (53) . Accumulating evidence suggests that physical exercise, depending on the kind of exercise and subject characteristics, can act as a powerful modulator of the HPA axis and influence central nervous system functions in general (54, 55) . The complement system, either alone or interacting with proinflammatory cytokines, may be a link in the bidirectional communication between the HPA axis and immune functions that are likely to be altered in subjects with CFS (56).
Our findings should be generalized only in light of limitations of the study design. The previous study that reported the significant increase in C4a split product (9) and the current study examining the transcriptional changes in complement genes used subjects from the same recruitment. Age and sex of the CFS and control subjects were matched in the C4a split-product study, but this matching was not retained in the present study. We examined gene expression changes in PBMCs, a noninvasive source of sample for biomarker discovery and validation. PBMCs, however, are mixtures of lymphocytes and monocytes, and as such the findings do not reflect cell-type-specific responses. Furthermore, whether the observed transcriptional changes in complement genes are reflected in their plasma protein levels remains to be investigated.
In conclusion, this study detected expression of both classical and lectin pathways in PBMCs of normal healthy and CFS subjects, but transcripts for components of the lectin pathway (C4 and MASP2) were observed at higher levels in CFS subjects 1 hour postexercise. Higher expression of C4 and MASP2 may contribute to the increased C4a split product in CFS subjects 6 hours postexercise. MASP2 expression was significantly downregulated in control subjects 1 hour postexercise, and this downregulation may be mediated by the antiinflammatory effect of cortisol in response to exercise. Further studies are needed to replicate the differential expression of complement genes and its potential link with inflammation and cortisol secretion in response to exercise.
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